The emittances of beams of Ar4+ to Ar8+ have been measured in the axial and radial planes. The extraction voltage was 10 kV and the magnetic field was varied from about .5 to .6 Tesla. The anode slit was varied in its distance from the arc which was run both dc and pulsed. The emittance was found to be nearly independent of charge state but to increase with total beam current. A small bowing of the arc column was discovered, which made evaluation of mirror field effects difficult.
Introduction
The test facility used for these measurements was installed in the summer of 1974 by the 88-Inch Cyclotron group. Its purpose is to develop Penning Ion Gauge (PIG) sources of highly charged positive heavy ions for use both inside the cyclotron and in external injectors for all LBL accelerators. The source in the test facility is an external version of the hot cathode source used internally in the 88-Inch Cyclotron.' The test facility source is biased to + 10 kV to allow beam measurements to be made at ground potential, compared to the cyclotron source which is operated at ground potential with extraction by the dee voltage. Details of the test facility and early results have been published elsewhere. 2 It is important to measure the emittance area of the source in order to match it to the associated accelerator, and to find methods of reducing the area by iinprovements in the source and extraction system. Description of the Source and Emittance Measuring System The ion source and emittance measuring probes are shown schematically in Fig. 1 The beam is bent through an angle of 1200 in the source magnet (see Fig. 1 For the axial emittance measurements a plate with .25 mm slits spaced 7.6 mm apart or a plate with 1 mm diameter holes also spaced 7.6 mm apart was used. For the radial emittance measurements a plate with .25 mm slits spaced 3.8 mm or 7.6 mm apart or a plate with .5 mm diameter holes also spaced 3.8 mm apart was used. The beam patterns produced by the emittance plates were scanned by a pair of perpendicular 1 mm diameter wires, the positions of which varied sinusoidally as a function of time. For the present experiment the period was 400 ms; 80 ms were required to scan completely across the beam. The scan wire currents were recorded by a storage oscilloscope and photographed for subsequent analysis.
The emittances were obtained directly from the oscillograms by measuring the peak widths at a level of 5% of the central peak amplitude. We estimate the fraction of the total beam represented by our emittance curves to be at least 90%. Knowing the approximate beam diameter at each emittance probe provided an approximate closure of the emittance curves at each extremiity. The extrapolated part is shown by a dashed line. The values of the emittances are calculated to a precision of ± 15%. Each emittance is plotted at the plate position used for its measurement. The plate positions are drawn to scale in Fig. 1 .
Source Operating Parameters
The gas used in the source was argon. Charge states 4+ through 8+ were investigated. The 9th electron lies in the next inner shell. No production of "I Ar9`was observed during these measurements because the ionization potential of the 9th electron (396 eV) is much higher than that of the 8th (152 eV)3 Figure 2 shows the shape of the magnetic field on the axis of the arc bore for two values of current in the main magnet and a current of 500 A in the "mirror coils". Most of the magnetic fields used in the present measurements fall within this range. This value of mirror coil current was selected to produce an approximately uniform field. The arc is struck by initially increasing the gas pressure and bringing the arc voltage to 3 kV. The gas flow is subsequently reduced to the minimum value (typically 0.1 cc/min) required to maintain a stable arc. This maximizes the high charge states. The gas could be injected at different locations along the anode bore.
Injecting the gas near the cathodes gave good results both in terms of arc stability and cathode lifetime (5 to 8 hours). In dc operation the arc current was 3.5-5 A and the arc voltage 500 -800 V. In pulsed operation (pulse length = 2 ms; period = 6 ms) the arc was run at 15 A peak current and 900 V peak voltage. The cathodes were heated by ion bombardment and the source operated in the hot cathode mode. The magnetic field at the anode slit varied from 0.47 n was made to Figure 6 shows several axial emittance measurements for an Ar7 errations in the beam from the same source configuration to illustrate the fluctuations in shape which can occur during the lifetime of the source. The only variations in operation were small adjustments of puller position. Figure 7 shows the radial emittance plot of an Ars beam obtained for pulsed operation of the source. The oscillogram represents the superposition of about 10 slightly displaced images (from -10 consecutive scans). This superposition was used to smooth the pulsed data. The emittance is larger than the corresponding dc results. The peak arc current is 15 amps, 3 times the value run for dc measurements, although the peak beam current is less than for the dc cases.
Summary of Results
In Table 1 we summarize the emittance measurements of this report and show measurements of some other groups for reference. The present data, all at 5 A average arc current, show an increase in emittance area from case (B) to (C) (Fig. 4) where the anode slit was moved 1 mm farther into the arc, and the beam intensities increased a factor of 2 or more. The area also increases with peak arc current, which increased from 5 Normalized emittance = ,3 x measured emittance.
